SUMOylation is a post-translational modification in which a member of the small ubiquitin-like modifier (SUMO) family of proteins is conjugated to lysine residues in specific target proteins. Most known SUMOylation target proteins are located in the nucleus, but there is increasing evidence that SUMO may also be a key determinant of many extranuclear processes. Gap junctions consist of arrays of intercellular channels that provide direct transfer of ions and small molecules between adjacent cells. Gap junction channels are formed by integral membrane proteins called connexins, of which the best-studied isoform is connexin43 (Cx43). Here, we show that Cx43 is post-translationally modified by SUMOylation. The data suggest that the SUMO system regulates the Cx43 protein level and the level of functional Cx43 gap junctions at the plasma membrane. Cx43 was found to be modified by SUMO-1, -2, and -3. Evidence is provided that the membrane-proximal lysines at position 144 and 237, located in the Cx43 intracellular loop and Cterminal tail, respectively, act as SUMO conjugation sites. Mutations of lysine144 or lysine237 resulted in reduced Cx43 SUMOylation and reduced Cx43 protein and gap junction levels. Altogether, these data identify Cx43 as a SUMOylation target protein and represent the first evidence that gap junctions are regulated by the SUMO system.
Gap junctions are intercellular plasma membrane domains containing arrays of channels that provide exchange of ions and small molecules between neighboring cells (1) . Gap junctions have fundamental roles in excitable tissues by allowing electrical transmission between adjacent cells (2;3). Gap junction channel proteins are also expressed in nearly all cell types in nonexcitable tissues, and have critical roles in development, growth control, differentiation and metabolic homeostasis (4;5).
Gap junction channels are made of integral membrane proteins called connexins. The connexin gene family consists of 20 members in humans, of which the beststudied member is connexin43 (Cx43) 1 (8) . Connexins are tetramembrane-spanning proteins having the N-and C-termini located in the cytosol (9) . Along their trafficking to the plasma membrane, individual connexins assemble into hexameric structures called connexons (10;11) . The connexons diffuse laterally in the plasma membrane until they dock with connexons in the adjacent cell membrane to form intact gap junction channels (12) . The half-life of connexins is relatively short, ranging from 1.5 to 5 hours in most tissue types (13;14) . During endocytosis of gap junctions, both membranes of the junction are internalized into one of the contacting cells, forming a double-membrane vesicle called an annular gap junction or connexosome (15) (16) (17) . Connexins are then degraded in lysosomes (18) (19) (20) (21) .
Gap junction intercellular communication is regulated at multiple levels (22) . The most rapid form of gap junction regulation involves changing the unitary conductance of single channels or altering their probability of opening. Slower forms of regulation is achieved by altering the number of channels present in gap junctions by changing the rate of transport of connexons to the plasma membrane, assembly of connexons into gap junctions, or connexin endocytosis and degradation. Posttranslational modifications of connexins play central roles in gap junction regulation (12;23;24) . We and others have previously shown that Cx43 is post-translationally modified by ubiquitin (25) (26) (27) (28) (29) . There is increasing evidence that the ubiquitin system plays an important role in regulating Cx43 gap junction endocytosis as well as in the post-endocytic trafficking of Cx43 to lysosomes (23) .
The ubiquitin-like proteins have almost the same three-dimensional structure as ubiquitin and have similar enzymatic mechanisms for protein modification (30) . The best-known ubiquitin-like protein is small ubiquitin-related modifier (SUMO) (31) . Yeast and invertebrates have a single SUMO-encoding gene, whereas vertebrates have four known SUMO isoforms, designated SUMO-1 to SUMO-4. Among these, only SUMO-1, -2 and -3 are expressed at the protein level. SUMO-2 and -3 share 97% sequence identity, whereas SUMO-1 share ~50% sequence identity with SUMO-2 and -3. The conjugation of SUMO to substrate proteins involves the sequential action of the E1 SUMO-activating enzymes and the E2 SUMO conjugating enzyme 9 (Ubc9) (32) (33) (34) . SUMOylation can affect the target proteins by multiple mechanisms, for instance by altering the activity, localization or turnover rate of the protein (31) . The SUMO system has fundamental roles in numerous cellular processes, including DNA repair, transcription, cytoplasmic-nuclear transport and chromosome separation (31) . Most known SUMOylated proteins are located in the nucleus or perinucleus. However, important roles for SUMOylation in extranuclear processes such as signal transduction and trafficking of integral membrane proteins are emerging. Interestingly, SUMOylation has been found to play important roles in the regulation of certain integral membrane proteins, among which are the potassium channels K2P1 (35;36) and Kv1.5 (37), the kainate receptor subunit GluR6 (38) , the type I transforming growth factor-β receptor (39) , and insulinlike growth factor 1 receptor (40) . There is increasing evidence that SUMOylation of integral membrane proteins might be important in cell growth control as well as in the control of the electrical properties of excitable cells (41) .
Here, we show that Cx43 is posttranslationally modified by SUMOylation and demonstrate that the SUMO system regulates the Cx43 protein level and the level of Cx43 gap junctions at the plasma membrane. Evidence is provided that the membrane-proximal lysines at position 144 and 237, located in the intracellular loop and in the C-terminal tail, respectively, act as SUMO conjugation sites. Collectively, these data identify Cx43 as a SUMOylation target protein and represent the first evidence that the SUMO system is involved in regulation of gap junctions.
EXPERIMENTAL PROCEDURES
Plasmids -The expression plasmid encoding rat Cx43 was a kind gift from Klaus Willecke (University of Bonn, Germany). The following plasmids were from Addgene: HA-SUMO-1 (plasmid 17359), HA-SUMO-2 (plasmid 17360), HA-SUMO-3 (plasmid 17361), HA-Ubc9 (plasmid 14438), FLAG-SENP1 (plasmid 17357), FLAG-SENP2 (plasmid 18047). Mutations were generated by oligonucleotide-mediated site-directed mutagenesis based on conventional Kunkel's method (42) . Each of the lysine residues (AAG) at position 144 and 237 was mutated to arginine (AGG) by employing the oligonucleotides 5'-CCCTCATTTTCACCCTGCCGTGCTCTT C-3' and 5'-CACGCGATCCCTAACGCCTTTG-3', respectively. The introduced mutations were verified by DNA sequencing. . Dimethyl pimelimidate dihydrochloride (DMP) was added to a final concentration of 20 mM, and the mix was incubated for 30 minutes. The crosslinking reaction was terminated by washing the beads twice in 10 volumes of 0.2 M ethanolamine (pH 8). The beads were left in the last wash for 2 hours with gentle mixing. The ethanolamine was discarded and the beads were resuspended in the original volume of ice-cold PBS containing 1 mM phenylmethylsulfonyl fluoride (PMSF). Forty-eight hours after transfection, HeLa cells were washed once with ice-cold PBS and added lysis buffer (PBS, 10% glycerol, 0.25% sodium deoxycholate, 0.45% sodium lauroyl sarcosine, 20 mM Nethylmaleimide, protease and phosphatase inhibitor cocktails (Sigma), and 2 mM EDTA) for 5 minutes on ice. The lysates were precleaned by incubation with protein A-Sepharose beads (Invitrogen) at 4ºC for 30 minutes with shaking. Beads were pelleted by centrifugation at 7000 rpm for 5 minutes at 4ºC, and the supernatant was collected. To each sample, equal amounts of anti-Cx43 covalently linked to protein ASepharose beads were added. Preimmune serum from the same animal was used as negative control. The reaction mixture was incubated at 4ºC for 2 hours with shaking.
Antibodies -
The pellet was collected by centrifugation at 5000 rpm for 5 minutes at 4ºC and washed five times with ice-cold lysis buffer containing 20 mM N-ethylmaleimide. After the final wash, the pellet was resuspended in 15 µl western sample buffer and heated to 95ºC for 5 minutes. The samples were centrifuged at 13000 rpm and the supernatant was subjected to protein separation by 8% SDS-PAGE. Western blot analysis was performed as described below.
Western blotting -Forty-eight hours after transfection, HeLa cells were washed with PBS and scraped in 300 µl sodium dodecyl sulfate (SDS) electrophoresis sample buffer (10 mM Tris, pH 6.8, 15% w/v glycerol, 3% w/v SDS, 0.01% w/v bromophenol blue and 5% v/v 2-mercaptoethanol). The cell lysates were sonicated and heated for 5 minutes at 95ºC. Samples were separated by 8% SDS-PAGE and transferred to nitrocellulose membranes as described (44) . The membranes were developed with chemiluminescence (Lumiglo, Millipore) for Cx43 and β-actin, and Super Signal West Femto Maximum Sensitivity Substrate (Pierce) for anti-HA and imaged on a BioRad image station. Bands were quantified using Bio-Rad Image Lab software.
Analysis of the Cx43 detergent solubility -
The Triton X-100 solubility of Cx43 was evaluated based on a method developed by VanSlyke and Musil (45), as described previously (46) . Briefly, HeLa cells scraped in 1 ml incubation buffer (136.8 mM NaCl SUMO-1, -2 and -3 -To determine whether Cx43 is SUMOylated, HeLa cells were cotransfected with plasmids encoding Cx43 and HA-tagged SUMO-1. Cell lysates were subjected to immunoprecipitation using antibodies against Cx43, followed by western blotting using antibodies against Cx43 or HA. In accordance with previous studies, the immunoprecipitated Cx43 formed three major bands on SDS-PAGE (designated Cx43-P0, -P1 and -P2) with molecular mass of 38, 40 and 43 kD, respectively, as well as a weaker band of 37 kDa (Fig. 1A) (28;29) . The anti-HA antibody detected three weak bands. These bands were not detected when cells were transfected with Cx43 alone, or when the anti-Cx43 antibody was replaced with preimmune serum during immunoprecipitation, indicating that these bands represent SUMOylated Cx43 (Fig.  1A) . Moreover, the intensity of the anti-HA bands were increased when cells were cotransfected with the SUMO E2 conjugating enzyme Ubc9, supporting the conclusion that these bands indeed represent SUMOylated Cx43 (Fig 1A) . The covalent attachment of SUMO to a target protein results in an increase of the molecular mass of the protein by 15-25 kDa (31). The approximate molecular mass of the bands detected by the HA antibody were 53, 55 and 58 kDa, suggesting that these bands represent SUMOylated forms of Cx43-P0, -P1 and -P2, respectively. SUMO-3 has ~50% sequence homology with SUMO-1. In contrast to SUMO-1, SUMO-3 is able to form polySUMOylation chains on the target protein (31) . As shown in Fig. 1B , Cx43 was found to be covalently modified with SUMO-3. Cx43 conjugated to SUMO-3 was detected as three major bands with molecular mass of 53, 55 and 58 kDa, respectively, in accordance with the theoretical molecular mass of monoSUMOylated forms of Cx43-P0, -P1 and -P2. In addition, several slower migrating HA-immunoreactive double bands were observed. These bands had a difference in relative molecular mass equivalent to the mass of one SUMO protein. These observations suggest that multiple SUMO-3 proteins are conjugated to Cx43, either in the form of multiple monoSUMOylation (single SUMO-3 proteins are conjugated to Cx43 at multiple sites), as polySUMOylation (a poly-SUMO-3 chain is conjugated to Cx43 on one site), or a combination of these two types of SUMO modifications.
RESULTS

Cx43 is covalently modified by
To analyze the relative levels of the Cx43 protein pools modified with SUMO-1 and SUMO-3, immunoprecipitates containing Cx43 modified with HA-SUMO-1 and HA-SUMO-3 were applied on the same SDS-PAGE gel. The level of Cx43 modified with SUMO-3 was similar to the level of SUMO-1-conjugated Cx43 in cells not cotransfected with Ubc9 (Fig. 1C) . However, in response to Ubc9 co-transfection, the level of the Cx43 pool modified by SUMO-3 was found to be considerably higher than the Cx43 pool modified by SUMO-1. We also examined whether Cx43 is modified with SUMO-2, which shares 97% sequence homology with SUMO-3. Interestingly, Cx43 was indeed found to be modified with SUMO-2, but the level of this pool of Cx43 was lower compared to the Cx43 pool modified with SUMO-1 or SUMO-3 (Fig.  1C) . Moreover, we were unable to detect multiple SUMO bands with higher molecular weights, suggesting that SUMO-2 conjugates to Cx43 in a monoSUMOylated manner.
To verify that the bands detected by the anti-HA antibodies represent SUMOylation of Cx43 and not SUMOylation of proteins that are non-specifically immunoprecipitated by the anti-Cx43 antibodies, plasmids expressing Cx43 were replaced by empty plasmids. Under these conditions, no anti-HA bands were detected (Fig. 1D ). These 6 results strongly indicate that the bands detected by the anti-HA antibodies represent SUMOylated forms of Cx43. In accordance with previous studies, HeLa-CCL2 cells expressed low levels of endogenous Cx43 (49).
SUMOylation is a reversible process, and deconjugation of SUMO from the substrate protein is mediated by SUMO/sentrin specific peptidase (SENP)1-3 and SENP5-7, of which SENP1 and -2 are the best-studied (50). SENP1 and -2 counteracted the conjugation of all three SUMO isoforms to Cx43 (Figure 2A-C) . As shown in Figure  2D , SENP1 and -2 counteracted the conjugation of SUMO-3 to Cx43 also under conditions where Ubc9 was overexpressed. Altogether, these results indicate that Cx43 is covalently modified by SUMO-1, SUMO-2 and SUMO-3. The data further indicate that Cx43 is modified by multiple SUMO-3 peptides but only single SUMO-1 and SUMO-2 peptides.
The SUMO system regulates Cx43 gap junctions -To investigate the role of SUMO in the regulation of Cx43 gap junctions, the effect of overexpression of SUMO-1, -2 or-3 on Cx43 gap junction levels was determined. Importantly, overexpression of SUMO resulted in increased levels of Cx43 gap junctions at the plasma membrane, as determined by confocal microscopy (Fig.  3A) . Increased Cx43 staining was also observed in intracellular vesicular structures. As determined by western blotting, cotransfection of any of the three SUMO paralogs with Cx43 was associated with increased Cx43 protein levels (Fig. 3B) . Among the three SUMO paralogs, SUMO-1 and SUMO-2 had the strongest effect on the Cx43 level, causing an approximate two-fold increase, whereas co-transfection with SUMO-3 increased the Cx43 protein level by approximately 50%. Based on these observations, we conclude that the SUMO system is involved in controlling the total cellular Cx43 protein level and Cx43 localized in gap junctions at the plasma membrane. To elucidate which subcellular pool of Cx43 is conjugated with SUMO, the detergent resistance of the SUMOylated Cx43 protein pool was determined. Cx43 organized in gap junction plaques is insoluble in Triton X-100 at 4ºC, while Cx43 not organized in gap junctions is Triton X-100 soluble (45) . The majority of the SUMOylated form of Cx43 was found to be soluble in Triton X-100 (Fig. 4) . These observations suggest that SUMOylated Cx43 is not organized in functional gap junctions.
Identification of K144 and K237 as Cx43
SUMOylation sites -SUMOylation often occurs on a lysine residue within a consensus sequence ΨKxD/E, in which Ψ represents a large hydrophobic residue, K the acceptor lysine residue and x any amino acid (31) . The Cx43 C-terminus contains 9 lysine residues, whereas the intracellular loop contains 11 lysines, none of which reside within a SUMOylation consensus motif. To identify potential Cx43 SUMOylation sites, each of the lysines located in the intracellular loop and in the Cterminal tail of Cx43 was singly replaced with arginine, and the SUMOylation status of the various Cx43 mutants was then compared to the Cx43 wild type.
Importantly, mutation of K144, located in the juxtamembrane region of the intracellular loop of Cx43, and mutation of K237, located in the juxtamembrane region of the Cx43 C-terminal tail, resulted in reduced conjugation to all three SUMO paralogs (Fig. 5A,B) . Mutation of K144 decreased the SUMOylation level by approximately 40% for all three SUMO paralogs, whereas a reduction in SUMOylation of approximately 20-25% was observed due to the K237 mutation. Based on these experiments, we conclude that K144 and K237 act as Cx43 SUMO conjugation sites (Fig. 5C ). Sequence comparison reveals that K144 and K237 are conserved through evolution (Fig. 5D) . Interestingly, K144 in Cx43 is also conserved in eight of the 20 known human connexin isoforms, including Cx26 and Cx32, two of the best-studied connexins beside Cx43. Moreover, Cx43 as well as six of the other connexin isoforms that harbor a lysine at position 144 contain a large hydrophobic amino acid directly downstream of the lysine residue, and thus partly fulfill the requirement of being an inverted SUMOylation motif, as described previously for other proteins (51) . Notably, among the 13 connexin isoforms that do not contain a lysine in this position, five contain an arginine residue instead of a lysine in the same position. K237 is conserved in three other connexin isoforms, all of which contain a large hydrophobic amino acid directly upstream of the lysine residue (Fig.  5D) . Altogether, these observations suggest that SUMOylation of connexins may be an evolutionary conserved mechanism for regulating gap junctions. Notably, our preliminary studies suggest that mutation of several other lysines in the Cx43 intracellular loop and C-terminal tail affects the Cx43 SUMOylation status, raising the possibility that multiple lysines in addition to K144 and K237 may act as SUMOylation sites 2 . The role of these lysines in the regulation of Cx43 was not investigated further in the present study.
Cx43-K144R and Cx43-K237R have reduced ability to form gap junctions -Importantly, replacement of K144 or K237 to arginines resulted in reduced Cx43 gap junction formation at the plasma membrane as determined by confocal microscopy (Fig.  6A) . Mutation of K144 or K237 also resulted in reduced Cx43 protein levels, as determined by western blotting (Fig. 6B) . Taken together, these observations suggest that K144 and K237 play important roles in regulating the Cx43 protein level and the level of Cx43 gap junctions at the plasma membrane.
Effect of SUMOylation on Cx43 gap junction channel function -
To elucidate the role of the SUMO system on Cx43 gap junction channel function, HeLa cells were transfected with Cx43 alone or in combination with HA-SUMO-3. The level of gap junction intercellular communication was determined by quantitative scrape loading dye transfer. Co-transfection of HA-SUMO-3 resulted in more than a doubling of the gap junctional communication compared to cells that were transfected with only Cx43 (Fig. 7) .
DISCUSSION
In the present study, we demonstrate that Cx43 is post-translationally modified and regulated by SUMOylation. The data indicate that the SUMO system has an important role in controlling the total cellular Cx43 protein level and the level of Cx43 gap junctions at the plasma membrane. Evidence is provided that the lysines at positions 144 and 237, located in the juxtamembrane regions of the Cx43 intracellular loop and C-terminal tail, respectively, act as SUMO conjugation sites. Altogether, these data represent the first evidence that SUMOylation is involved in regulation of gap junctions.
SUMO is known to play critical roles in the regulation of nuclear and perinuclear proteins (52;53). There is also increasing evidence that SUMO is important in regulating extranuclear proteins, including proteins at the cell surface. However, only a few integral plasma membrane proteins have been shown to be modified by SUMO. Here we demonstrate that Cx43 is modified by SUMO-1, -2 and -3. The finding that all three SUMO paralogs conjugate to Cx43 raises the interesting possibility that they might affect Cx43 through distinct molecular mechanisms. Cx43 was found to be conjugated to single SUMO-1 and SUMO-2 proteins, but multiple SUMO-3 proteins. Previous studies have shown that SUMO-3 is able to form polySUMOylation chains on substrate proteins in vivo (31) . Thus, Cx43 may either be conjugated to single SUMO-3 peptides on multiple lysines, by a single polySUMO-3 chain, or a combination of these types of SUMO-3 modifications.
Our results indicate that overexpression of all of the three SUMO paralogs results in increased Cx43 protein levels and increased levels of gap junctions. The increase in Cx43 gap junction levels in response to overexpression of SUMO is likely to reflect an overall increase in Cx43 protein levels under these conditions, although it cannot be ruled out that SUMOylation of Cx43 might be involved in regulating the assembly of Cx43 into gap junctions or gap junction endocytosis. Replacement of the lysines in position 144 or 237 with arginines resulted in reduced Cx43 SUMOylation, indicating that these two lysines act as Cx43 SUMO conjugation sites. As determined by confocal microscopy, Cx43-K144R and Cx43-K237R had reduced ability to form gap junctions. At present, we do not know whether Cx43-K144R and Cx43-K237R have altered intracellular trafficking compared to Cx43-wt. It is also important to take into consideration that mutation of K144 or K237 could affect the Cx43 protein level and the ability of Cx43 to form gap junctions independently of the effect on the Cx43 SUMOylation status.
Further studies are required to determine in which subcellular compartments Cx43 SUMOylation occurs. The SUMOylated Cx43 pool was found to be soluble in Triton X-100, suggesting that the SUMOylated Cx43 is not organized in functional gap junctions. One possible scenario is that newly synthesized Cx43 undergoes SUMOylation along its trafficking from the Golgi/trans-Golgi network to the plasma membrane and then is subjected to deSUMOylation during or shortly after it has assembled into gap junction plaques (Fig. 8) .
We have previously shown that endocytosis of Cx43 gap junctions in response to activation of protein kinase C is associated with a loss of the Triton X-100 resistance of Cx43 organized in gap junctions (54;55) . The loss of the detergent resistance of Cx43 was found to be an early event in gap junction endocytosis. Thus, the finding that the SUMOylated Cx43 is Triton X-100 soluble might also indicate that SUMOylation of Cx43 occurs during gap junction endocytosis or along its postendocytic trafficking to lysosomes. The precise molecular mechanisms underlying the regulation of gap junctions by Cx43 SUMOylation remain to be determined. An increasing number of proteins have been shown to bind to SUMO via SUMOinteracting motifs (SIMs) (31) . Proteins with SIMs bind non-covalently to SUMOylated proteins by direct interaction with the SUMO moiety or the SUMO-substrate interface. Possibly, SUMOylation of Cx43 might result in non-covalent binding to one or more SIM-containing proteins that promote the stability of Cx43. In an alternative scenario, SUMOylation of Cx43 at K144 and K237 might result in a conformation shift of the protein that promotes the stability of Cx43 gap junctions. A third possible scenario is that SUMOylation of Cx43 stabilizes the protein by competing with Cx43 ubiquitination. Approximately 75% of known SUMOylation substrates are SUMOylated within a ΨKxD/E consensus motif (31) . None of the lysines in the Cx43 C-terminal tail or intracellular loop reside within a SUMOylation consensus motif. Interestingly, however, K237 is preceded by a valine residue, thus partly fulfilling the requirement for a SUMO consensus motif. Moreover, a valine residue is located directly upstream of K144, which hence partly fulfills the requirement of residing within an inverted SUMOylation consensus motif (51) . Importantly, K144 is evolutionary conserved in seven other connexin isoforms. Among these, six harbor a large hydrophobic amino acid directly upstream of the lysine residue. K237 is conserved in two other connexin isoforms, both of which are preceded by a large hydrophobic amino acid. Taken together, these observations raise the possibility that SUMOylation could be a general mechanism for regulating connexins. Our preliminary studies suggest that also other lysines in the intracellular loop and Cterminal tail of Cx43 in addition to K144 and K237 might act as SUMO conjugation sites 2 . How SUMOylation of Cx43 at the various lysines might affect Cx43 gap junctions remains to be explored.
Our data indicate that both SENP1 and -2 induce deSUMOylation of Cx43. Notably, our preliminary studies suggest that overexpression of SENP-1 or -2 is not associated with reduced Cx43 protein levels or reduced levels of gap junctions at the plasma membrane 2 . Instead, overexpression of SENP1 or -2 appears to cause an increase in the Cx43 protein level. Since overexpression of SENP-1 and -2 is expected to induce global deSUMOylation, SENP1 and -2 could affect Cx43 indirectly, for instance by deSUMOylating Cx43-interacting proteins. Defining the role of SENP1 and -2 in the regulation of Cx43 gap junctions will be an important subject for future studies.
SUMOylation is tightly linked to other types of post-translational modifications (31) . In addition to being regulated by phosphorylation and ubiquitination, it was recently shown that Cx43 is also acetylated (56) . An important subject for future work will be to elucidate the functional interplay between Cx43 phosphorylation, acetylation, ubiquitination and SUMOylation in the regulation of gap junctions. To the best of our knowledge, the present study represents the first evidence that the intracellular loop of Cx43 is subjected to posttranslational modification. Whether the intracellular loop of Cx43 undergoes other types of modifications in addition to SUMOylation, and how these modifications might interplay with Cx43 SUMOylation to control Cx43 gap junctions, remains to be determined.
In conclusion, the present study identifies Cx43 as a SUMOylation substrate protein and demonstrates that the SUMO system is critically involved in regulating Cx43 gap junctions. SUMOylation of Cx43 is likely to have significant impact on the control of electrical properties of excitable cells as well as on Cx43-mediated cell growth control. The finding that Cx43 is modified by SUMO adds another level to the complexity of gap junction regulation and has important implications for future studies aimed at uncovering the molecular basis underlying the dysregulation of gap junctions in human pathologies.
K144 and K237 and other lysine residues in Cx43. Blue color indicates that the lysine acts as a SUMO conjugation site. (D) Amino acid sequence of the human Cx43 regions that contain K144 and K237 and corresponding sequences in the indicated species homologs (upper panel) or in other connexin isoforms in humans (lower panel). FIGURE 6. Cx43-K144R and Cx43-K237R have reduced ability to form gap junctions HeLa cells were transfected with Cx43-wt, Cx43-K144R or Cx43-K237R. (A) Cells were stained with anti-Cx43 antibodies and visualized using confocal microscopy. Bars, 10 µm. (B) Cell lysates were prepared, and equal amounts of total cell protein were subjected to SDS-PAGE. Cx43 was detected by western blotting, using anti-Cx43 antibodies. The blot was stripped and reprobed with anti-β-actin antibodies. The intensities of the Cx43 bands were measured and normalized to the β-actin levels in the same samples. The total Cx43 protein levels in cells transfected with Cx43-K144R and Cx43-K237R relative to cells transfected with Cx43-wt are shown. Values shown are the mean ± S.D. of three independent experiments. Molecular mass in kDa is indicated. 
